The syndecans are known to form homologous oligomers that may be important for their functions. We have therefore determined the role of oligomerization of syndecan-2 and syndecan-4. A series of glutathione S-transferase-syndecan-2 and syndecan-4 chimeric proteins showed that all syndecan constructs containing the transmembrane domain formed SDS-resistant dimers, but not those lacking it. SDS-resistant dimer formation was hardly seen in the syndecan chimeras where each transmembrane domain was substituted with that of platelet-derived growth factor receptor (PDGFR). Increased MAPK activity was detected in HEK293T cells transfected with syndecan/PDGFR chimeras in a syndecan transmembrane domain-dependent fashion. The chimera-induced MAPK activation was independent of both ligand and extracellular domain, implying that the transmembrane domain is sufficient to induce dimerization/oligomerization in vivo. Furthermore, the syndecan chimeras were defective in syndecan-4-mediated focal adhesion formation and protein kinase C␣ activation or in syndecan-2-mediated cell migration. Taken together, these data suggest that the transmembrane domains are sufficient for inducing dimerization and that transmembrane domain-induced oligomerization is crucial for syndecan-2 and syndecan-4 functions.
The syndecans are a major family of transmembrane cell surface heparan sulfate proteoglycans that are developmentally regulated with tissue-specific distributions (1, 2) . Syndecan-2 is abundantly expressed in mesenchymal cells, whereas syndecan-1 and syndecan-3 are characteristic of epithelial and neuronal cells (2) (3) (4) (5) . All syndecans are type I transmembrane receptor proteins, with an N-terminal signal peptide, an ectodomain containing several consensus sequences for glycosaminoglycan attachment, a putative protease cleavage site proximal to the membrane, a single hydrophobic transmembrane domain, and a short C-terminal cytoplasmic domain (2) (3) (4) . Their extracellular domain sequences are very distinct, but transmembrane domain and cytoplasmic domain sequences are highly conserved (2) (3) (4) 6) , implying a possible biological role for the cytoplasmic domain. Indeed, during cell-cell and/or cell-matrix interaction, syndecans have important roles as cell surface receptors (6 -8) .
It is common that signaling through cell surface receptor proteins containing a single transmembrane domain is transduced by noncovalent dimerization of the proteins in response to ligand binding (9, 10) . In the case of the platelet-derived growth factor (PDGF) 3 receptor (PDGFR), ligand stimulation of the PDGFR leads to receptor dimerization, activation of the kinase activity of the receptor, and phosphorylation of the receptor at numerous intracellular tyrosine residues. Subsequently, various molecules containing Src homology domains are recruited to the PDGFR where they act as signaling enzymes and adapter molecules (11, 12) .
The possible participation of syndecans in signaling was first suggested by the findings that syndecan-4 is a component of focal adhesions (13) , where extracellular matrix-induced signal transduction takes place (6 -8) . When plated on fibronectin, syndecan-4 on the cell surface becomes clustered, and the clustered syndecan-4 interacts with both protein kinase C␣ (PKC␣) and phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to further transduce downstream signals for focal adhesion and stress fiber formation (14 -18) . Like growth factor receptors, oligomerization is probably a major step for syndecan-4-mediated signal transduction (6 -8) . Therefore, the oligomerization status of syndecan-4 is a key important issue, but many of details remain unknown. Several lines of evidence clearly show that the syndecan family has a propensity to oligomerize. All members of this family form homologous dimers or multimers that are resistant to treatment with SDS (2, 19) . Asundi and Carey (19) have shown that recombinant syndecan-3 core protein forms stable, noncovalent multimer complexes, and this property requires the presence of the transmembrane domain and a short sequence in the ectodomain flanking region. Similarly, recombinant syndecan-2 and syndecan-4 core proteins form SDS-resistant oligomers even in the complete absence of the cytoplasmic domain (14) , implying that the cytoplasmic domains of syndecan-2 and syndecan-4 are not essential for basal oligomerization. All of these studies indicate the importance of the transmembrane domain for syndecan dimerization. However, the relationship between dimerization and function is unclear. In this study we demonstrate that the transmembrane domains are sufficient for SDSresistant dimerization in vitro and functional dimer formation in vivo and that transmembrane domain-induced oligomerization is crucial for functions of syndecan-2 and syndecan-4.
EXPERIMENTAL PROCEDURES
Materials and Antibodies-Monclonal anti-phosphotyrosine, antiphospho-Erk2, anti-syntenin, and anti-Myc antibodies and polyclonal anti-Erk2 and anti-vinculin antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA), and monoclonal anti-PDGFR and anti-PKC␣ antibodies were from BD Transduction Laboratories. Polyclonal anti-HA antibody was obtained from Cell Signaling (Beverly, MA). PDGF and monoclonal anti-paxillin antibody were purchased from Upstate Biotechnology, Inc (Lake Placid, NY). Anti-syndecan-4 and anti-syndecan-2 antibodies were a gift of Drs. J.R. Couchman (Imperial College London) and A. Woods (University of Alabama at Birmingham). Glutathione-agarose beads were purchased from Amersham Biosciences, reduced glutathione came from Janssen Chemica (New Brunswick, NJ), and Effectene was from Qiagen (Hilden, Germany). Isopropyl-␤-D-thiogalactopyranoside and other chemicals were purchased from Sigma.
Cell Culture and Treatment-HEK293T were maintained in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum. A rat small intestinal epithelial cell line (RIE1) was maintained in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum. Rat embryo fibroblast (REF) cells were maintained in ␣-modified Eagle's medium (Invitrogen) supplemented with 5% fetal bovine serum. For treatment with PDGF, HEK293T cells were starved for 12 h in serum-free media (SFM), and 50 ng/ml PDGF was then added for 15 min.
Expression and Purification of Recombinant Glutathione S-Transferase (GST)-Syndecan-2 and GST-Syndecan-4 Core
Proteins-Sydnecan-2 and syndecan-4 cDNAs encoding full-length (2W, 4W), the extracellular and the transmembrane domain (2ET, 4ET), the extracellular domain (2E, 4E), the transmembrane domain (2T, 4T), the cytoplasmic domain (2C, 4C), and the transmembrane domain containing four flanking extracellular amino acid residue (KRTE, ERTE; single letter amino acid codes) in the extracellular domain either in the absence (2eT, 4eT) or presence (2eTC, 4eTC) of the cytoplasmic domain were synthesized by PCR and subcloned into GST expression vector pGEX-5X-1 (Amersham Biosciences). Site-directed mutations were generated by PCR amplification (Stratagene, La Jolla, CA). Introduction of the mutations was confirmed by DNA sequence analysis of the plasmids. TABLE ONE lists the oligonucleotides that were used as PCR primers for cloning, and the TABLE ONE legend explains the oligonucleotide names (such as 4W, 2W, etc.) that are used here and throughout. These constructs were used to transform Escherichia coli DH5␣, and the expressions of fusion proteins, the GST-syndecan mutants, were induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 7 h. The fusion proteins were purified with glutathione-agarose beads as described previously (14) .
Construction of Expression Vectors and Transfection-2ET/PC and 4ET/PC chimeras were constructed by linking the extracellular domain and transmembrane domain (amino acids 1-178 and 1-174) of rat syndecan-2/syndecan-4 and the cytoplasmic domain of human PDGFR (amino acids 557-1107). 2E/PT/2C and 4E/PT/4C chimeras were constructed by linking the extracellular domain (amino acids 1-154 and 1-150) and cytoplasmic domain (amino acids 178 -209 and 174 -202) of rat syndecan-2/syndecan-4 and the transmembrane domain of human PDGFR (amino acids 531-556). The LET/PC chimera was constructed by linking the extracellular domain and transmembrane domain (amino acids 1-27) of LAT (linker for activation of T cells) and the cytoplasmic domain (amino acids 557-1107) of PDGFR. The PE/4T/PC chimera was constructed by linking the extracellular domain (amino acids 1-531) of PDGFR, the transmembrane domain (amino acids 150 -174) of syndecan-4, and the cytoplasmic domain (amino acids 557-1107) of PDGFR. The chimeras, and full-length syndecan-2/ syndecan-4 constructs were inserted into the HA tagging pcDNA3 expression vector (Invitrogen). HEK293T cells (6 ϫ 10 5 ) were plated on 6-cm-diameter culture dishes, incubated at 37°C for 24 h, and then cotransfected with 1 g of either 2ET/PC, 4ET/PC, LET/PC, PE/4T/PC, 2W, 4W, or HA-pcDNA3 cDNAs and 1 g of HA-Erk1 cDNA in Effectene reagents (Qiagen). REFs were transfected with either 4W or 4E/PT/4C using Effectene reagents, and these cells were selected by G418 (500 g/ml) for 3 weeks. RIE1 cells were transfected with either 2W or 2E/PT/2C using PolyFect reagents (Qiagen).
Lysate Preparation and Immunoblotting-After cultures were washed twice with PBS, the cells were lysed in radioimmune precipitation assay buffer (50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate, 0.5 mM EDTA, 10 mM NaF, and 2 mM Na3VO4) containing a protease inhibitor mixture (1 g/ml aprotinin, 1 g/ml antipain, 5 g/ml leupeptin, 1 g/ml pepstatin A, and 20 g/ml phenylmethylsulfonyl fluoride). Cell lysates were clarified by centrifugation at 13,000 rpm for 15 min at 4°C, denatured with SDS-PAGE sample buffer, boiled, and analyzed by SDS-PAGE. Proteins were transferred onto polyvinylidene difluoride membranes (Amersham Biosciences) and probed with appropriate antibodies, followed by species-specific, horseradish peroxidase-conjugated secondary antibodies. Signals were detected by enhanced chemiluminescence (ECL; Amersham Biosciences).
Cell Adhesion Assay-35-mm bacteria culture plates were coated with either 20 g/ml syndecan-2 or syndecan-4 antibody in PBS overnight at 4°C. Each antibody-coated plate was washed with PBS, blocked with 0.2% heat-inactivated bovine serum albumin for 1 h at room temperature, and then washed again with PBS (3 ϫ 5 min). HEK293T cells were detached with 0.05% trypsin suspended in serum-free media containing 0.25 mg/ml soybean trypsin inhibitor and centrifuged. Cells were resuspended in 10% Dulbecco's modified Eagle's medium, plated on the coated plates, and incubated at 37°C.
Microscopic Analysis-Cells were seeded onto glass coverslips at a density of 4 ϫ 10 4 cells, incubated for 24 h, and then fixed with 3.5% paraformaldehyde in PBS at room temperature for 10 min. After rinsing three times with PBS, cells were permeabilized with 0.5% Triton X-100 in PBS at room temperature for 10 min and blocked with 0.5% bovine serum albumin and 0.05% gelatin in PBS for 1 h. After being washed, cells were stained with the specific antibodies. Images were obtained by digital imaging florescence microscopy using a charge-coupled device camera (Carl Zeiss).
In Vitro PKC Activity Assay-The standard reaction mixture (total 20 l) contained 50 mM HEPES (pH 7.2), 3 mM magnesium acetate, PKC␣ (Upstate Biotechnology), and 1 g of 50 mM HEPES histone III-S as a substrate. PIP 2 (50 M) and 4W, 4E/PT/4C, 4TC, and PT/4C (0.25 mg/ml) were added as indicated. Reactions were started by the addition of 200 mM ATP (0.5 Ci of [␥-32 P]ATP). After incubation at 25°C for 5 min, the reaction was stopped by adding SDS-PAGE sample buffer and heating to 95°C for 5 min. Proteins were separated by electrophoresis on 12% SDS-polyacrylamide gels, and phosphorylated histone III-S was detected by autoradiograph and quantified by Image Reader BAS-2500 (Fujifilm) imaging densitometer.
GST Pull Down Assays-Recombinant GST-syndecan-4 proteins were purified on glutathione-agarose beads as described previously (14, 15) . Proteins bound on the bead were washed three times with lysis buffer and mixed with either REF cell lysate ( Fig. 6C ) or purified PKC␣ (20) (Fig. 6D) . After incubation at 4°C on a rotator for 2 h, the precipitated complex was eluted with SDS-PAGE sample buffer, resolved by SDS-PAGE, and immunoblotted with the specific antibody.
Migration Assay-Gelatin (1 g/l in PBS) was added to each well of a Transwell plate (8-m pore size; Costar, Cambridge, MA), and the membranes were allowed to dry for 1 h at room temperature. The Transwells were assembled in a 24-well plate, and the lower chambers were filled with Dulbecco's modified Eagle's medium containing 5% fetal bovine serum and 0.1% bovine serum albumin. Cells (3 ϫ 10 4 ) were added to each upper chamber, and the plate was incubated at 37°C in 5% CO 2 for 16 h. Cells that had migrated to the lower surface of the filters were stained with 0.6% hematoxylin and 0.5% eosin and counted.
RESULTS

Transmembrane Domains Are Essential for SDS-resistant Dimerization of Syndecan-2 and Syndecan-4 Core
Proteins-Several recombinant syndecan-2 and syndecan-4 constructs were expressed as GST fusion proteins (Fig. 1A) that were purified using glutathione-agarose beads and analyzed by SDS-PAGE following Coomassie blue staining (Fig. 1, B  and C) . Consistent with the previous reports (14) , recombinant fulllength syndecan-4 core protein (GST-4W) resolved as SDS-resistant dimers. In addition, five different mutants (4ET, 4eTC, 4TC, 4eT, and 4T) that contained the transmembrane domain showed SDS-resistant dimer formation. On the other hand, neither the cytoplasmic domain (4C) nor the extracellular domain alone (4E) showed SDS-resistant dimerization. Syndecan-2 core proteins showed closely similar results to those of syndecan-4 (Fig. 1C) . Therefore, it seems that the transmembrane domain is important for SDS-resistant dimerization of syndecan-2 and syndecan-4. Similar to syndecan-3 (19) , replacement of conserved glycine residues in the transmembrane domain with leucine residues (Gly 3 Leu) abolished SDS-resistant dimer formation of both syndecan-2 and syndecan-4 ( Fig. 2) , supporting the notion that the transmembrane domain is crucial for SDS-resistant dimerization of both syndecan-2 and syndecan-4.
To further investigate the function of the transmembrane domain, each transmembrane domain of syndecan-2 and syndecan-4 was replaced with the transmembrane domain of PDGFR that contains a single transmembrane domain and forms noncovalent dimers in response to ligand binding (9, 10) . Consistently, GST-4W and GST-2W showed a strong SDS-resistant dimer formation that was hardly seen in 4E/PT/4C (Fig. 3A) and 2E/PT/2C (Fig. 3B) . Furthermore, mutants PE/4T and PE/4TC, which contained the transmembrane domain of syndecan but not that of PDGFR, showed SDS-resistant dimer formation (Fig. 3C) . Therefore, these data strongly suggest that the transmembrane domain is sufficient for inducing SDS-resistant dimerization of both syndecan-2 and syndecan-4 core proteins.
Transmembrane Domains Are Sufficient for Inducing Dimer Formation of Chimeric Proteins in Vivo-Additional syndecan chimeras (4ET/PC and 2ET/PC) were constructed that consisted of the extracellular domain and transmembrane domain of each syndecan and the cytoplasmic domain of PDGFR. Either 4ET/PC or 2ET/PC chimera cDNA was cotransfected with Erk1 cDNA into HEK293T cells, and chimera-induced MAPK activation was analyzed. Because it is well known that dimerization of PDGFR cytoplasmic domain is sufficient to activate MAPK activity (11, 12) , MAPK activation indicates dimerization of these chimeras. Western blotting with anti-phospho-Erk antibody showed that MAPK activation in chimera-transfected cells was increased compared with that in vector-transfected cells (Fig. 4A , bottom section) together with increased tyrosine phosphorylation of several proteins (Fig. 4A, top section) . In contrast, transfection of wild type syndecan-4, wild type syndecan-2, or the syndecan-4 chimera with Gly to Leu substitution in the transmembrane domain cDNAs did not affect MAPK activity (Fig. 4B) . Interestingly, there was no significant difference in MAPK activation between 4ET/PC and 2ET/PC (Fig. 4B) , implying that both transmembrane domains similarly induce dimerization of chimeras. Because overexpression of the PDGFR cytoplasmic domain per se might affect chimera-induced MAPK activation, LET/PC was constructed that consisted of the extracellular domain and transmembrane domain of LAT, which has not been known to form oligomers (21, 22) , and the cytoplasmic domain of PDGFR (Fig. 4C) . Overexpression of LET/PC did not significantly affect MAPK activity, implying that transmembrane domain induced dimerization is crucial for chimera-induced MAPK activation. Therefore, it is likely that transmembrane domain is sufficient for inducing the dimer of syndecan-2 and syndecan-4 in vivo.
Transmembrane Domain-induced Dimerization Is Independent of the Extracellular Domain-Because it is known that engagement of syndecan through its extracellular domain induces oligomerization, we investigated the effect of the extracellular domain on chimera-induced dimerization. Vector and chimera (4ET/PC)-transfected cells were plated on either syndecan-2 or syndecan-4 antibody-coated plates to induce clustering of syndecan-2 and syndecan-4 extracellular domains. However, chimera-induced MAPK activities were not affected by engagement of the extracellular domain with the specific antibodies (Fig. 5A) . We then made a PDGFR chimera where its transmembrane domain was substituted with that of syndecan-4 (PE/4T/PC) (Fig. 5, B  and C) . Transfection of this chimera in HEK293T cells showed increased tyrosine phosphorylation of this PDGFR chimera (Fig. 5B , top section) and MAPK activity (Fig. 5B, bottom section) . This chimerainduced MAPK activation was independent on treatment of 50 ng/ml PDGF (Fig. 5C) . Thus, it is likely that the transmembrane domain of syndecan-induced dimerization is not affected by the extracellular domain. These results strongly suggest that both syndecan-2 and syndecan-4 form dimers in vivo mediated by their transmembrane domains alone.
Transmembrane Domain-induced Oligomerization Is Crucial for Syndecan Functions-We next investigated the functionality of transmembrane domain-induced oligomerization. Because syndecan-4 plays an important role in focal adhesion formation, we analyzed the effect of the altered oligomerization on focal adhesion formation. REF cells transfected with the cDNAs of either 4W or 4E/PT/4C were plated on fibronectin, and the focal adhesions were highlighted by indirect immu- A and B, 1-g cDNA of each chimera, 4ET/PC, 2ET/PC, or 4Gly 3 Leu/PC were transiently cotransfected with 1g of Erk1 cDNA into HEK293T cells as described under "Experimental Procedures." After cells were lysed using radioimmune precipitation assay buffer, whole cell lysates were separated by electrophoresis on 10% SDS-polyacrylamide gels, and tyrosine phosphorylation was analyzed using anti-phospho-specific tyrosine antibody (␣-pTyr). MAPK activation was assessed by using phospho-specific antibody (␣-pErk) followed by stripping and reprobing with anti-Erk2 antibody. C, cDNAs of either LET/PC or 4ET/PC were transiently transfected as indicated. MAPK activation was assessed by using phospho-specific antibody (pErk) followed by stripping and reprobing with anti-Erk2 antibody. After incubation at 37°C for 24 h, cells were lysed using radioimmune precipitation assay buffer, and whole cell lysates were separated by electrophoresis on 10% SDS-polyacrylamide gels. MAPK activation was assessed by using phospho-specific antibody (␣-pErk2) followed by stripping and reprobing with anti-Erk2 antibody (␣-Erk2). B, exponentially growing cells were lysed, and phosphorylation of the PDGFR chimera was analyzed by immunoprecipitation with anti-phosphotyrosine antibody (top section). MAPK activation was assessed as described for panel A. C, exponentially growing cells were serumstarved overnight and then treated with 50 ng/ml PDGF for 15 min. MAPK activation was assessed as described for panel A.
nofluorescence using vinculin or paxillin antibodies. Consistent with previous reports (23, 24) , increased focal adhesion formation was observed in 4W-transfected cells as compared with vector-transfected cells. In contrast, expression of an oligomerization mutant 4E/PT/4C slightly decreased focal adhesion formation (Fig. 6A) . Exogenously expressed 4W, but not 4E/PT/4C, was retained in the Triton X-100-resistant cytoskeleton (25) , implying that the susceptibility of Triton X-100 extraction was significantly increased in the oligomerization mutant (Fig. 6B) and that the interaction with syntenin (26, 27) was evidently decreased in 4E/PT/4C (Fig. 6C) . Previous work has shown that, in combination with PIP 2 , syndecan-4 cytoplasmic domain can interact and strongly activate PKC␣ (14, 16, 18) . However, the syndecan-4 oligomerization mutant 4E/PT/4C showed reduced interaction with PKC␣ (Fig. 6D) , and 4E/PT/4C, PT/4C, and 4Gly 3 Leu promoted much less in vitro PKC␣ activity (Fig. 6E) . The functions of syndecan-2 were also affected by transmembrane domain-induced oligomerization. RIE1 cells transfected with the cDNAs of 2W, but not 2E/PT/2C, showed increased cell migration compared with control cells (Fig. 7A) . Similar to 4E/PT/4C, the interaction with syntenin was decreased in 2E/PT/2C (Fig. 7B) . Taken together, all these data strongly suggest that transmembrane domain-induced oligomerization is crucial for the functions of both syndecan-2 and syndecan-4 in vivo.
DISCUSSION
Syndecan core proteins are known to have propensity to form noncovalently linked dimers (2, 5, 19) . High sequence homology and a previous study with syndecan-3 have suggested that both the transmembrane domain and the four amino acid residues in the ectodomain flanking region are important for dimerization of syndecan core proteins. In this study, we have further investigated the importance of each syndecan domain for functional dimerization. Consistent with previous results (14, 19) , recombinant full-length core proteins of syndecan-2 and syndecan-4 (GST-4W and GST-2W) showed a strong SDS-resistant dimer formation (Figs. 1-3 ) that was hardly seen in 4E/PT/4C (Fig.  3A) and 2E/PT/2C (Fig. 3B) . Replacement of the conserved glycine residues in the transmembrane domain with leucine residues also abolished SDS-resistant dimer formation of recombinant syndecan core proteins (Fig. 2) , supporting the notion that the transmembrane domain is crucial for SDS-resistant dimerization of both syndecan-2 and syndecan-4. However, unlike syndecan-3, where mutation of any of the four amino acid residues (ERKE) in the ectodomain immediately external to the transmembrane domain decreased the extent of dimer formation (19) , deletion of all four amino acid residues does not decrease SDSresistant dimer formation of either syndecan-2 or syndecan-4 core proteins (Fig. 1) . Clearly, the ectodomains do not promote SDS-resistant dimerization of syndecan-2 and syndecan-4 and seem not to be required.
It is clear that syndecans form dimers and the transmembrane domains are crucial for SDS-resistant dimerization of both syndecan-2 and syndecan-4 in vitro. However, there is no direct evidence showing transmembrane domain-induced dimer formation of syndecans in vivo. To define functional dimerization of syndecan core protein in cells, several syndecan-PDGFR chimeras have been used. This receptor has been chosen because its activation is dependent on receptor dimeriza- tion and its signaling can be readily analyzed by MAPK activation. Transfection studies with syndecan-PDGFR chimeras clearly show that the transmembrane domains of both syndecan-2 and syndecan-4 are able to induce dimerization of these chimeras, resulting in constitutive MAPK activation (Fig. 4 and 5) . Similarly to SDS-resistant dimerization of recombinant core proteins, the extracellular domain is not involved in dimerization of syndecan-PDGFR chimera, as shown by the following three findings. 1) Antibody-induced oligomerization of syndecan extracellular domain did not affect chimera-induced MAPK activation (Fig.  5A) . 2) Chimera-induced MAPK activation was similarly increased in suspended cells (data not shown). 3) PDGFR chimeras containing the transmembrane domain of syndecan-4 by itself induced MAPK activation independently of PDGF treatment (Fig. 5C) . It is believed that growth factor receptors form dimers in a ligand-dependent manner. However, the chimeras containing the transmembrane domain of either sydecan-2 or sydecan-4 likely form constitutive dimers, based on MAPK activation and electrophoretic mobility (Fig. 4 and 5) . This result confirms the hypothesis that dimerization of PDGFR is PDGF-dependent and sufficient for PDGF-mediated MAPK activation. However, it is not the case in syndecan-mediated cell spreading. Because syndecan-4 has a strong tendency for higher order oligomerization (6, 19, 28) , both syndecan-2 and sydecan-4 may form constitutive dimers that, after plating on the extracellular matrix, form higher order oligomers. Because syndecan-4 can become a high order oligomer both in vivo and in vitro, we could not exclude the possibility that the chimeric proteins described here might also form higher order oligomers. Under our experimental conditions, MAPK activity only reflects dimerization but not higher order oligomerization. Therefore, we cannot discriminate whether the transmembrane domain induces dimerization or higher order oligomerization of syndecan core protein in vivo. In addition, although neither the extracellular domain nor the cytoplasmic domain promotes SDS-resistant dimerization of syndecans, it may be possible that both domains regulate higher order oligomerization of syndecan core protein in vivo.
Syndecan-4 acts as a coreceptor with integrins in focal adhesion formation (6, 7), but oligomerization mutants failed to enhance focal adhesion formation (Fig. 6A) , reside in the Triton X-100-resistant cytoskeleton (Fig. 6B) , interact with PKC␣ (Fig. 6D) , or efficiently activate PKC␣ in vitro (Fig. 6E) . This implies that transmembrane domain-induced oligomerization may control the biological activity of the syndecan-4 cytoplasmic domain. The syndecan-2 oligomerization mutant was also unable to regulate cell migration (Fig. 7) . Therefore, it seems that the transmembrane domain is crucial for inducing functional oligomerization of the syndecan-2 and sydecan-4 core proteins. This is the first evidence to show the functionality of the transmembrane domain-induced oligomerization in vivo.
One of the most important observations in this study is the apparent specificity of the transmembrane domain. The functionality of the transmembrane domain is more significant when contrasted with growth factor receptor-mediated signal transduction. During transmembrane signaling, extracellular ligands bind to specific receptors on the cell surface, and the binding subsequently alters their oligomeric status to evoke a signal cascade inside the cell (9, 10) . A variety of studies have shown that the activation of downstream signaling is dependent on the oligomeric status of the cytoplasmic domain. However, although it plays a major role in controlling oligomeric status of the cytoplasmic domain in the case of syndecans, the transmembrane domain has received relatively little attention. It is clear that oligomerization of the cytoplasmic domain of receptor is a different issue from that of whole receptor protein, where the transmembrane domains are a key driver of oligomerization. Thus, the transmembrane domain inevitably regulates the activity of the cytoplasmic domain and is crucial for receptor functions. How does the transmembrane domain regulate the cytoplasmic domain? Is it only by inducing oligomerization? Transmembrane domains of both PDGFR and syndecan are able to induce oligomerization of the receptor protein in vivo, although the ligand dependence may be different for the two. The important point is that they both have the potential to do so and that their oligomerization is crucial for activating signaling cascades. Interestingly, however, the unique nature of syndecan function is that the specific activity of syndecan requires the presence of syndecan but not of the PDGFR transmembrane domain. This is demonstrated by the syndecan/PDGFR chimeras where each syndecan transmembrane domain was substituted with that of PDGFR, which showed a clear defect in most of syndecan functions tested (Figs. 6 and  7) . This implies that transmembrane domain-induced oligomerization is not just for aggregating the receptors. It may induce a quaternary structure of the cytoplasmic domain, whose overall structure is required for the specific function of each receptor protein. Therefore, syndecan transmembrane domain-induced oligomerization plays a syndecanspecific role in regulating the functions of syndecan that cannot be replaced by other transmembrane oligomerization domains. It remains unclear whether this is a general phenomenon of homo-oligomerization of receptors.
